The problem of unsteady conjugate natural convection and entropy generation within a semicircular porous cavity bounded by solid wall of finite thickness and conductivity has been investigated numerically. The governing partial differential equations with the corresponding initial and boundary conditions have been solved by the finite difference method using the dimensionless stream function, vorticity, and temperature formulation. Numerical results for the isolines of the stream function, temperature, and the local entropy generation due to heat transfer and fluid friction as well as the average Nusselt and Bejan numbers, and the average total entropy generation and fluid flow rate have been analyzed for different values of the Rayleigh number, Darcy number, thermal conductivity ratio, and the dimensionless time. It has been found that low values of the temperature difference reflect the entropy generation, mainly in the upper corners of the cavity, while for high Rayleigh numbers, the entropy generation occurs also along the internal solid-porous interface. A growth of the thermal conductivity ratio leads to an increase in the average Bejan number and the average entropy generation due to a reduction of the heat loss inside the heat-conducting solid wall.
Introduction
The importance of natural convection heat transfer in a fluidsaturated porous enclosure is widely accepted due to its relevance to engineering applications and scientific fields such as postaccidental heat removal in nuclear reactors, compact heat exchangers, solar collectors, building insulation, drying processes, fire control, geophysics, and underground storage of nuclear rubbish. The literature regarding convective flows in porous media is considerable and representative investigations on this topic can be found in Refs. [1] [2] [3] [4] [5] [6] [7] . Also, conjugate natural convection heat transfer in enclosures has very fundamental practical engineering implementations in frosting practicalities and refrigeration of the hot obtrusion in a geological framing. For instance, modernistic construction of thermal insulators, which are formed of two diverse thermal conductivities (solid and fibrous) materials can be modeled by the segmentation longitude and conductivity model. There are several outstanding investigations considering the influence of segmentation longitude and conductivity on the heat transfer rate. Many studies focusing on the application of numerical and experimental conjugate natural convective heat transfer were presented in Refs. [8] [9] [10] [11] [12] [13] . Ben-Nakhi and Chamkha [14] investigated the conjugate natural convection in a square cavity with an inclined thin fin of arbitrary length. Saeid [15] reported a numerical examination of the conjugate natural convection in a porous enclosure with a finite wall thickness. Varol et al. [16] have also reported a numerical investigation of conjugate heat transfer by natural convection and conduction in a triangular enclosure with thick lower dike. Chamkha and Ismael [17] reported a numerical investigation of conjugate natural convection heat transfer in a square domain composed of a cavity heated by a triangular solid wall.
Martyushev and Sheremet [18] examined the combination of surface thermal radiation and conjugate natural convection in an airfilled cavity. Martyushev and Sheremet [19] also carried out a numerical investigation of the problem in Ref. [18] for the case of a three-dimensional enclosure with a heat source. Furthermore, natural convection flows around semicircular cavities play a significant part in the design of horizontal dry casks for stockpiling and transportation of a dust nuclear fuel [20, 21] . Dried storage casks are more advantageous than wet storage ones from a safety and cost reduction standpoint. There is an enhanced substantiation on maximizing the thermal amplitude of these systems, largely to safely and effectively manage the visualized rise in drop energy levels of these fuel assemblies.
On other side, all the veritable processes concerning thermal convection systems are associated with thermal gradients and frictional impacts and hence, some amount of available energy is destroyed during the process due to irreversibilities. All irreversible operations coincide with energy loss or absence of the available energy, which is quantified in terms of entropy generation. This is based on the Gouy-Stodola theory, which clarifies that the available work dissipation rate is proportional to the internal entropy generation rate [22, 23] . The diminishing of entropy generation results in a maximum decrease of irreversibilities associated with the process, and thus, the comprehensive system efficiency is promoted. Hence, entropy minimization is a prime defiance for energy saving processing and optimal design criterion for thermal systems.
The entropy generation and its minimization for examining several systems were considered extensively by Bejan [24] . Zahmatkesh [25] examined the significance of thermal boundary conditions in heat transfer and entropy generation for natural convection in a porous cavity. Numerical investigations on the entropy generation during natural convection in a regular square cavity and porous triangular cavities subjected to different thermal boundary conditions were reported by Basak et al. [26, 27] . The application of entropy generation was also reported by € Oztop and 1 Al-Salem [28]. Basak et al. [29] numerically investigated the impact of thermal boundary conditions on the entropy generation during natural convection in a porous enclosure. Ramakrishna et al. [30] employed the Galerkin finite element method to investigate the thermal manner of natural convection within trapezoidal cavities with entropy generation. Basak et al. [31] carried out the entropy generation analysis during conjugate natural convection with a differentially heated square cavity enclosed by vertical conducting walls of various thicknesses. Lam and Prakash [32] analyzed the natural convection and entropy generation in a porous cavity with heat sources. Selimefendigil and € Oztop [33] examined magnetohydrodynamic natural convection and entropy generation of a nanofluid in a cavity having many shaped obstacles. Bhardwaj et al. [34] considered the impact of a wavy wall and nonuniform heating on natural convective and entropy generation inside a porous complex cavity. Al-Zamily and Amin [35] investigated numerically the influence of nanoparticles on natural convection and entropy generation inside a semicircular cavity. Ismael et al. [36] performed an analysis of the entropy generation due to conjugate natural convection in a square cavity filled with a nanofluidsaturated porous media. Chamkha et al. [37] studied the problem of entropy generation and natural convection of a nanofluid in a C-shaped cavity subjected to a horizontal uniform magnetic field. Meerali and Al-Zamily [38] investigated numerically nanofluid flow and entropy generation inside a cavity with internal heat generation and heat flux.
However, the literature review above led us to be certain and to the best of the authors' knowledge that the problem of entropy generation and unsteady conjugate natural convection within a semicircular porous cavity bounded by a solid wall of finite thickness and conductivity has not been examined yet. Hence, the numerical solution and investigation will be the objective of the current study. It is believed that this study will reveal the contributions of enhancing the thermal performance in porous cavities, which has significanct industrial applications.
Basic Equations
We consider convective fluid flow, heat transfer, and entropy generation inside a porous semicircular cavity as presented in Fig.  1 . The domain of interest consists of a semicircular area of radius R filled with a porous medium bounded by a solid wall of finite thickness h and a conductivity k sw . The upper rigid wall of the cavity is cooled with a constant temperature (T c ) while the bottom surface of the solid wall is heated with a constant temperature (T h ). The dimensional polar coordinates r and c define the polar radius and the polar angle, respectively. The upper ends of the solid wall are assumed to be adiabatic. The fluid is assumed to be viscous, heat-conducting, Newtonian, and the Boussinesq approximation is valid. It is considered also that the temperature of the fluid phase is equal to the temperature of the solid structure everywhere in the porous region, and local thermal equilibrium model is applicable in the present analysis. It should be noted that in order to take into account the differences in temperatures of the base fluid and the solid skeleton of a porous medium, it is necessary to use the local thermal nonequilibrium model [39] [40] [41] [42] . In the present work, we consider that these temperatures are equal. The flow and heat transfer inside the cavity is considered to be two-dimensional and laminar [43] .
Taking into account the above mentioned assumptions, the governing equations for the porous cavity can be written in dimensional polar coordinates as follows:
The energy equation for the solid wall can be written as follows:
The existence of an irreversibility source in the flow field such as the viscous dissipation effect and heat transfer causes the entropy generation [22] [23] [24] . In polar coordinates, the dimensional local entropy generation S gen can be expressed as follows:
Equation (6) The formulated dimensional governing equations (1)- (5) have been written in nondimensional form using the following dimensionless variables:
and new dependent dimensionless functions such as the stream function w ðu ¼ ð1=rÞð@w=@cÞ; v ¼ Àð@w=@rÞÞ and the vorticity x ¼ ð@u=@cÞ À v À rð@v=@rÞ. Therefore, the governing equations (1)-(5) using the above mentioned variables can be written as follows:
The governing equations are subject to the following initial and boundary conditions:
h ¼ 1 at external surface of solid wall ðr ¼ 1 þ h=RÞ;
Here, Pr ¼ l=ðqaÞ is the Prandtl number, Ra ¼ qgbðT h À T c ÞR 3 =ðlaÞ is the Rayleigh number, Da ¼ K=R 2 is the Darcy number, A ¼ a sw =a is the thermal diffusivity ratio, and K ¼ k sw =k is the thermal conductivity ratio.
The physical quantities of interest are the local and average Nusselt numbers at the solid-porous interface, that are defined as
The dimensionless local entropy generation S gen is obtained by using the dimensionless parameters presented in Eq. (7) and is given as (14) where
In Eq. (14), v is the irreversibility factor. It is expressed as
The integration of Eq. (14) in the porous area gives the dimensionless average entropy generation, S gen;avg , expressed as follows:
Further, the Bejan number Be is a parameter that shows the importance of the heat transfer irreversibility in the domain and is defined as
The relative global dominance of the heat transfer irreversibility is predicted by Be avg (average Bejan number), which can be defined as
Be avg ¼ S gen;ht;avg S gen;ht;avg þ S gen;ff;avg (18) It may be noted that Be avg > 0:5 shows that the irreversibility due to heat transfer dominates in the flow. The fluid friction irreversibility dominates when Be avg < 0:5 and when Be avg ¼ 0:5, the heat transfer and the fluid friction entropy generation are equal.
Numerical Method
The partial differential equations (8)- (11) with the corresponding initial and boundary conditions (12) have been solved by the finite difference method of the second-order accuracy [7, 12, 18, 19, 44, 45] . It is worth noting that local one-dimensional difference scheme of Samarskii has been used to solve the governing equations (9)- (11) numerically. In this scheme, a solution of the two-dimensional equations reduces to a sequential solution of the one-dimensional equations. It should be noted that Samaraskii monotone approximation has been applied for discretization of the convective terms in Eqs. (9) and (10) . An implicit difference scheme has been utilized. An evolutionary term represents a onesided difference in time and has the first-order of accuracy in time-step. All derivatives with respect to the spatial coordinates have been approximated with the second-order of accuracy in the step along the coordinate. A computational time-step has been selected from conditions of a stable algorithm and so Ds ¼ 10 À4 [7, 12, 18, 19, 44, 45] . It should be noted that a selection of this timestep has been conducted on the basis of analysis of different time steps Ds ¼ 10 À3 ; 10 À4 ; 10 À5 where in the case of Ds ¼ 10 À4 , we have a convergent solution that does not have essential differences from another one that is obtained using Ds ¼ 10 À5 . Equation (8) has been discretized by means of a five-point difference scheme, so-called cross scheme, on the basis of a symmetric approximation of the second derivatives. The obtained system of linear algebraic equations has been solved by the successive over relaxation method. An optimum value of the relaxation parameter has been chosen on the basis of computing experiments. For the solution of the discretized elliptic equation, the convergent criterion is assumed to be less than 10
À6
. It should be noted that a numerical analysis has been developed using an in-house computational code on the basis of Cþþ programming language. The computational code has been realized utilizing a standard PC (Intel Core i7-3770K CPU). The flow chart of the used numerical algorithm is presented in Fig. 2 .
The present model, in the form of an in-house computational fluid dynamics code, has been validated successfully against the works of Lauriat and Prasad [46] and Bhardwaj et al. [34] for natural convection in a non-Darcian porous cavity. The results presented in Table 1 show a good comparison for the average Nusselt number at the hot wall between the obtained data and numerical data of other authors.
The performance of the porous horizontal cylinder part of the model has been tested against the results of Charrier-Mojtabi [47] for steady-state free convection in a porous horizontal annulus. Figure 3 shows a good agreement between the obtained streamlines and temperature contour plots and the results by CharrierMojtabi [47] for Ra ¼ 200. Table 2 shows the values of the average Nusselt number for different Rayleigh numbers in comparison with other authors [48] [49] [50] for the natural convection problem in the annulus between two horizontal concentric cylinders presented in Fig. 3 .
The performance of the entropy generation part of the model is tested against the results of Bhardwaj et al. [34] and Ilis et al. [51] for steady-state natural convection in a differentially heated square cavity. Figures 4 and 5 show a good agreement between the obtained fields of the local entropy generation due to heat transfer and fluid friction for different Rayleigh numbers and the numerical data of Bhardwaj et al. [34] and Ilis et al. [51] .
In the case of conjugate analysis, the benchmark solution for the porous medium has been obtained by using the results of Saeid [15] . The laminar conjugate natural convection in a porous enclosure with a left wall of finite thickness is analyzed. The horizontal heating is considered, where the vertical boundaries are isothermal at different temperatures with adiabatic horizontal boundaries. Figures 6 and 7 show a good agreement between the obtained streamlines and the isotherms and the results by Saeid [15] 
À3 and different thermal conductivity ratios and solid wall thicknesses. Table 3 compares the accuracy of the average Nusselt numbers for different solid wall thicknesses and thermal conductivity ratios with the numerical solutions reported by Saeid [15] .
We have conducted also a grid independence test, analyzing natural convection in a semicircular porous cavity presented in Fig. 1 
À2
, K ¼ 1.0. In the present study for natural convective flows in a porous medium, the irreversibility factor is taken as 0.01 like in earlier studies [34, [52] [53] [54] . Four cases of the uniform grid are tested: a grid of 50 Â 50 points, a grid of 100 Â 100 points, a grid of 150 Â 150 points, and a grid of 200 Â 200 points. Figure 8 shows the effect of mesh parameters on the average Nusselt and Bejan numbers as well as the average total entropy generation. The data presented in Fig. 8 can be found in Table 4 for the case of steady-state. : (a) numerical data of Ilis et al. [51] , (b) numerical data of Bhardwaj et al. [34] , and (c) present results
Taking into account the conducted verifications, the uniform grid of 150 Â 150 points has been selected for the further investigation.
We have also analyzed the value of the irreversibility factor
The orders of magnitudes for the properties of the fluid-saturated porous media at 298 K are as follows: l % Oð10 À5 Þ, k % Oð10 À2 Þ, a % Oð10 À6 Þ, K % Oð10 À12 Þ and for a representative case with ðT 0 =ðT h À T c Þ 2 Þ % Oð10Þ, we have v % Oð10 À2 Þ. Figure 9 illustrates variations of the average Bejan number and the average entropy generation versus the Rayleigh number, Darcy number, and the irreversibility factor.
The above figure can be used as follows:
(1) For a given flow situation, that is a known Rayleigh number, the Darcy number, and the irreversibility factor can be changed for a specific application design in order to achieve an acceptable average entropy generation and Bejan number. (2) For a given porous media, that is known Darcy number, the Rayleigh number and the irreversibility factor can be altered to obtain an acceptable level of average entropy generation and Bejan number. 
Results and Discussion
The considered problem has been analyzed at the following values of the governing parameters: Rayleigh number (Ra ¼ 10 Figures 10 and 11 show the influence of the Rayleigh number on the isolines of the stream function, temperature, and the local entropy generation due to heat transfer and fluid friction for Da ¼ 10 À3 , K ¼ 5, s ¼ 200. It should be noted that the considered dimensionless time (s ¼ 200) reflects a steady-state regime taking into account the distributions of the rates of heat transfer and fluid flow presented in Fig. 12 . Regardless of the Rayleigh number values, two convective cells of equal intensity are formed inside the semicircular cavity. An appearance of these vortices is defined by the formation of a temperature gradient inside the cavity due to the hot external surface of the solid shell and the cold rigid top wall. It is worth noting that the left vortex defines a clockwise fluid circulation, while the right vortex defines a counterclockwise fluid circulation due to heating from the bottom and side parts of the heat-conducting solid wall and cooling from the upper part. A low value of Ra (¼10 4 in Figs. 10(a) and 11(a)) illustrates a domination of conductive heat transfer with a weak fluid circulation inside the porous cavity. The distributions of the isotherms for the considered Ra reflect cooling of the cavity from the upper wall to the bottom one while a heating occurs in the opposite direction and all isotherms are parallel to the isothermal walls. It should be noted that the solid heat-conducting shell is heated intensively in the bottom part, while close to the upper cold wall, one can find cooling zones inside the heat-conducting wall, where the isotherms (h > 0.7) are located inside this solid wall.
Effect of Rayleigh Number.
The contours of the local entropy generation due to heat transfer for Ra ¼ 10 4 characterize more essential entropy generation in 
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Transactions of the ASME the corner zones of the solid wall and the cold top surface where we have a significant temperature gradient. Isolines of the local entropy generation due to heat transfer are distributed uniformly from the above-mentioned corners into the cavity that can be explained by the dominance of heat conduction for a low value of the porous medium Rayleigh number (Ra Â Da). The entropy generation due to fluid friction is nonsignificant because we have a weak internal fluid circulation. At the same time, more essential entropy generation due to viscous effects can be found near the internal surface of the solid wall where one can observe an interaction between the fluid and the solid wall taking into account the nonslip conditions. Also, it should be noted that these zones of high S gen;ff are located close to the upper corners where high temperature gradients are formed and more essential circulations are developed. An increase in the Rayleigh number leads to an intensification of the convective flow with a displacement of the convective cells cores close to the vertical symmetry line. At the same time, one can find a formation of a thermal plume from the upper wall that defines an essential cooling of the cavity central part and decreases in the thermal boundary layers near the solid-porous interface and the top rigid wall. A reduction of the cooling zones in the corner parts can be explained by more essential heating from the hot wall, while the bottom part of the solid wall is cooled due to an essential effect of the cold thermal plume.
For high values of Ra, an intensification of the entropy generation due to heat transfer occurs not only in the corner zones but also in the bottom part of the solid-porous interface where a cold thermal plume interacts with the hot wave from the hot external surface. At the same time, nonuniform distributions of S gen;ht isolines inside the cavity are due to an intensification of convective flow and heat transfer. More essential entropy generation zones due to heat transfer can be defined on the basis of distributions of the isotherms where the thickness of the thermal boundary layer is lowest and the density of the isotherms is highest. It is worth noting that the two plumes in the distributions of S gen;ht at Ra ¼ 10 6 in the central part of the cavity can be explained by an interaction of two ascending hot flows along the solid-porous interface with a central cold descending flow from the upper cold wall. The The influence of the Rayleigh number on the average Nusselt number at the internal solid-porous interface and the fluid flow rate is presented in Fig. 12 for Da ¼ 10 À3 , K ¼ 5.0. An increase in The transient profiles of the average Bejan number and the average total entropy generation inside the cavity depending on the Rayleigh number are shown in Fig. 13 . It should be noted that the average Bejan number characterizes an importance of the heat transfer irreversibility in the cavity. Therefore, for low values of Ra when the conductive heat transfer dominates and the flow circulation is low, we have high values of Be avg and low values of S gen;avg . A raise of Ra leads to a reduction of the average Bejan number and an enhancement of the average total entropy generation due to the intensification of convective flow and increase in the flow velocities. It is possible to conclude that for Ra 10 5 , the irreversibility due to heat transfer dominates in the flow and for Ra > 10 5 when Be avg < 0:5, we have the fluid friction domination. The behavior of the average total entropy generation is opposite to the Be avg dependences due to high values of Rayleigh number, which intensify the convective fluid flow and as a result, the velocity increases. On the basis of the obtained results, we can notice that an intensive fluid flow entropy generation is defined by the hydrodynamic behavior due to transition of the kinematic energy to the thermal energy. Also, for high Ra, a steady-state regime needs more time. Figures 14 and 15 demonstrate the effect of the Darcy number on the streamlines, isotherms, and the isolines of the local entropy generation due to heat transfer and fluid friction.
Effect of Darcy Number.
An increase in the Darcy number characterizes a growth of the permeability of the cavity and therefore, for a clear fluid, the Darcy number is equal to infinity. Low values of Da define a domination of the solid material with low permeability. Therefore, for such values of Da (¼10 À5 , 10 À4 in Figs. 14(a), 14(b), 15(a), and 15(b)), one can find the conductive heat transfer as a major heat transfer mechanism and two convective cells of low intensity. At the same time, the entropy generation due to heat transfer is greater than the entropy generation due to the viscous effect. The zones of high S gen;ht and S gen;ff are similar and located near the The effects of the Darcy number on the heat transfer and fluid flow rates are presented in Fig. 16 . It is worth noting that a growth of Da can be explained by a rise of the medium permeability and as a result, an infinity value of the Darcy number corresponds to the case of a pure fluid. An increase in Da leads to the heat transfer enhancement and a convective fluid flow intensification. It should be noted that the variation of the Darcy number in the range from 10 À5 till 10 À4 does not lead to essential changes in the values of Nu interface while jwj max increases. A high value of Da (¼10 À2 ) reflects an appearance of the fluid flow rate oscillation at the initial time and after that one can find a formation of the steady-state regime.
An intensification of the convective fluid flow and heat transfer with Da leads to both a reduction of the average Bejan number where the heat transfer irreversibility is not dominant and a growth of the average total entropy generation due to a rise of the velocity (see Fig. 17 ). The latter leads to an increase in the entropy generation due to fluid friction. Moreover, low values of the Darcy number (10 À5 and 10 À4 ) illustrate similar variations of Be avg and S gen;avg due to a dominance of heat conduction. In the case of a high Darcy number value (10 À2 ), the initial time level characterizes a formation of oscillations like in the fluid flow rate (Fig. 16(b) ) due to an intensive convective flow. Figures 18-21 illustrate the effect of the thermal conductivity ratio on the fluid flow, heat transfer, and entropy generation parameters inside the semicircular cavity. It should be noted that the infinite value of the thermal conductivity ratio means that the thermal boundary conditions from the external surface of the solid wall instantly transfer to the internal solid-porous interface. Such a situation is possible when we have an infinitely thin solid wall. Therefore, K ¼ 1 corresponds to an infinitely thin solid wall. The distributions of the local parameters presented in Figs. 18 and 19 illustrate essential changes only in the isotherms inside the solid wall while the other parameters change insignificantly. An increase in thermal conductivity ratio is related to a growth of thermal conductivity of the solid wall material. Therefore, in the case of K ¼ 1 (see Fig. 18(a) ), one can find a low speed of temperature changes inside the solid wall where we have isotherms (h ! 0.8) with small temperature gradients along the solid-porous interface. Increasing the value of K leads to a rise in the temperature penetration speed within the solid wall followed with an essential growth in the temperature gradient along the solid-porous interface. The changes of the temperature gradient along the solid-porous interface lead to an increase in the local entropy generation due to heat transfer along this internal interface. At the same time, the entropy generation due to viscous effects insignificantly increases inside the cavity due to low intensification of the convective flow (see Fig. 19 ).
Effect of Thermal Conductivity Ratio.
An increase in the fluid flow rate and the heat transfer rate with the thermal conductivity ratio is presented in Fig. 20 . In the case of nonconjugate natural convection when heat conduction of the solid shell is infinity, one can find maximum heat transfer and fluid flow rates. Such a circumstance can be explained by a lack of heat loss inside the solid wall and as a result, we have a maximum value of the temperature gradient. At the same time, high values of K illustrate a growth of the maximum value of jwj max at initial time level with a weak acceleration of obtaining this value. Such a behavior can be explained by an increase in the temperature gradient at the internal interface. Figure 21 demonstrates the profiles of the average Bejan number and the average total entropy generation with dimensionless time and for different values of the thermal conductivity ratio. A growth of the thermal conductivity ratio leads to an increase in Be avg and S gen;avg . It is interesting to note that the thermal conductivity ratio is just one parameter in this study that affects the rise of the average Nusselt number, fluid flow rate, average Bejan number, and the average total entropy generation. An increment of Be avg can be explained by a rise of heat transfer irreversibility that also illustrates a growth of S gen;avg . The main reason for such variations is an increase in the temperature gradient inside the cavity due to a reduction of the heat loss inside the solid wall.
Conclusions
A numerical analysis of unsteady conjugate natural convection and entropy generation in a semicircular porous cavity has been conducted for a wide range of the Rayleigh and Darcy numbers, as well as the thermal conductivity ratio and the dimensionless time. The governing equations formulated in the dimensionless stream function, vorticity, and temperature have been solved by the finite difference method. The obtained results presented in the distributions of the streamlines, isotherms, average Nusselt number, fluid flow rate, average Bejan number, and the average entropy generation revealed the following:
(1) A growth in the Rayleigh number leads to an intensification of the convective heat transfer and fluid flow while the average Bejan number decreases and the average total entropy generation increases. The latter illustrates a reduction of the heat transfer irreversibility and an enhancement of the fluid friction irreversibility. At the same time, high (3) An increase in the thermal conductivity ratio leads to more essential heating of the cavity from the external surface of the solid wall. As a result, one can find a formation of significant temperature differences along the solid-porous interface. At the same time, the thermal conductivity ratio is just one parameter in this study that affects the rise of the average Nusselt number, fluid flow rate, average Bejan number, and the average total entropy generation due to a reduction of the heat loss inside the heat-conducting solid wall. (4) Taking into account the necessity to minimize the entropy generation inside the system of a real application, this can 
